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TWO-STAGE FAN
I. AERODYNAMIC AND MECHANICAL DESIGN

H. E. Messenger and E. E. Kennedy
Pratt & Whitney Aircraft Division
United Aircraft Corporation

SUMMARY

A two-stage fan has been designed to demonstrate that the suc-essful performance achieved
in single-stage research programs can be extended to a two-stage fan. Concepts used in the
design include moderately high tip-sp+.- is. high blade-aerodynamic-loadings, and multiple-
circular-arc airfoils. The important 1caiyi parameters are:

Overall Total Pressure Ratio 2.8

Overall Adiabatic Efficiency (%) 839

Parameters at inlex to first rotor;
Tip Diameter - inches (meters) 31.0 (0.787)
Tip Speed - ft/sec (meters/sec) 1450 (441.96)
Hub/Tip Ratio 04

Specific Flow - lbm/sec-ft2 (kg/sec-mz) 42 (205)

The size of the two-stage fan wes governed by existing hardware and test facilities. Aerody-
namic design goals were bascd on typical performance requirements of advanced multistage
tuns. Design criteria for good efficiency and stall margin wer: based on test data from success-
tul single-stage fans. Axial spacing between blade rows was consistent with engine designs.
except at the first stator exit where an allowance was made for tangential traverse instrumen-
tation. The vanes for both stator rows were designed to have zero exit flow angle ai all radii
and to be resettable +10 degrees (.17 radians) from the design stagger in increments of 2.5
degrees (0.044 radians).

Mechanical design included structural and vibration analyses. Predicted rotor a:nd stator
stresses due to static and dynamic loads are well within the capabilities of the materials selected.
Blades of the first rotor have a partspan shroud at 61 percent span from the hub to avoid reson-
ances. Blades of the second rotor are shroudless. Analyses predict that rotor blade and stator
vane flutter will not be a problem.

Split casings over the rotor tip sections have been designed to accommodate on-stand changes
required during the casing treatment test phase of the program. The casing design also provides
for the possible addition of inlet ginde vanes, and the rig is designed to permit testing of the
first stage alone.

INTRODUCTION

Advanced aircraft engines require lightweight, efficient fans and compressors with adequate
stall margin and high tolerance to inlet distortion. Many engine configurations for advanced




supersonic aircraft feature moderate bypass ratio, high pressure ratio fans. Multistage fars
are usually required to meet these performance goals. The use of high tip-speeds and highly
loaded stages reduces the number of stages required.

Considerable experience with highly loaded single-stage fans has been gained from programs
conducted under NASA contracts and trom current fan research programs at Pratt & Whitney
Aircraft. A fan stage with a tip speed of 1600 ft/sec (487.7 m/sec) [ref. 17 achieved an overal
pressure ratio of 1.95 with an efficiency of 84.5 percent at 96.4 percent of design airflow.
Another highly loaded fan stage with a tip speed of 1000 ft/sec (304.8 m/sec) [ret. 2], achieved
an overall pressure ratio of 1.5 with an efficiency of 88.6 pereent at 97.5 percent of the design
airflow. The success of these single-stage fans has confirmed certain basic design concepts and
led to valuable refinements of the techniques used to design the two-stage fan,

A logica! extension of these research programs is the evaluation of a two-stage fan which
utilizes ithe advanced single-stage technology to provide a high pressure ratio at moderately
liigh tip-speeds. The two-stage program affords an opportunity to systematically investigate
the matching of stages which operate with high aerodynaniic ioadings and rotor Mach numbers
greater than one. Adjustable stator vanes provide a means of varying vane setting angles to
improve stage matching.

The two-stage fan investigation consists of two principal tasks. Task I includes the aerodynamic
and mechanical design of the two-stage fan and testing of the basic configuration with uniform
inlet flow and with radial and circumferential inlet flow distortions. Task Il includes tests of
casing treatments over rotor tip sections aimed at improving stall margin and distortic tolet-
ance.

This report presents the aerodynamic and mechanical design details of the two-stage fan.
FLOWPATH AND VELOCITY VECTOR DIAGRAMS

Velocity vector diagrams at the leading and trailing edges of each blade row were used to design
the rotor and stator blade elements of the two-stage fan. Design of the flowpath and determina-
tion of these velocity vectors evolved from a series of iterations. Basic criteria such as hub/tip
ratio, tip speed, and specific flow at the inlet to the first rotor were governed by contract speci-
fication. The iterations were started using a rcasonable flowpath shape, estimated flow block-
ages, and estimated efficiency profiles. An axisymmetric streamline analysis, outlined in
Appendix A, was used to obtain velocity vectors and flow conditions from which rotor and
stator blade elements were generated. The analysis accounts for radial equilibrium including
the effects of streamline curvature and for gradients of enthalpy and entropy. Flowpath calcula-
tion stations were then relocated to conform to blade edge locations; efficiencies were reesti-
mated using correlated blade element losses, and blockage inputs to the streamline anaiysis
calculation were adjusted to account for the partspan shroud of the first rotor. Subsequent
blade clement designs were revised to conform with updated velocity vector calculations, and
the iterations were continued until the final flowpath design was compatible with blade element
designs and mechanical requirements. Performance parameters at the design point are summar-
1zed in Table I.




TABLE |

DESIGN PERFORMANCE
Corrected Speed -rpm: 10720

Corrected flow - lbm/sec (hgisee): 184.2(83.5)

Pressare Ratio Adiabatic Efficiency (%)
Local Local
(per blade row) Cumulative (per blade row) Cumulative
Rotor 1 1.787 1.787 89 .4 x4 4
Stator | 977 1.744 —- 85.4
Rotor 2 1.640 2872 89.2 86.2
Stator 2 875 2.80 (wverail) - 83.9 (overall)

The tun was designed without inlet guide venes (IGV) but with the provision for adding a
variable camber IGV at a later date. Both stators were designed to turn the flow to the axial
direction, making it practical to test the first stage alone if desired. The first rotor inlet tip
diameter was selected as 31 inches (0.78771) to permit use of existing hardware and to allow
adequate drive engine norsepower margin. With a required first rotor tip-speed of 1450 ft/sec
(441.96 m/sec), the design speed corrected to standard inlet conditions is 10,720 rpm. The
inlet inner case diameter was held at a minimum of 10 inches (.254 m) to permit clearance for
the front bearing compartment. The specific flow at the inlet to the first rotor was set at

42 lbmy/sec-ft= (205 kg/sec-m-), consistent with advanced fun technology. This, with the
specified hub/tip ratio of 0.4 and the tip diameter chosen, yields a design inlet corrected flow
of 184.7 Ibm/sec (83.5 kg/sec).

The average Mach number at the fan exit is approximately 0.5, a practical value for thrust
augmentation. Calculation of fan exit area was based on this exit Mach number, together
with a value of fan exit corrected flow based on the predicted temperature rise for an overall
total pressure ratio ot 2.8,

Flowpath convergence and wall curvature between inlet and exit were used to control velocity
profiles and blade acrodynamic loadings (diffusion factors) near the walls. Spanwise profiles
of meridional velocity at the leading and trailing edges of the rotor blades and stator vanes are
siown in Figures 1 and 2. Rotor inlet and exit relative Mach numbers and stator inlet and
exit absolute Mach numbers are shown in Figures 3 and 4.

Design lozdings (diffusion factors) tor both rotors and stators (Figures S and 6) are moderately

high. Howevcr. they are not in excess of levels at which good performance has been obtained, o
as seen from a comparison with lozdings for the NASA 1600 ft/sec (487.7 meters/sec) tip-speed

fan [ref. 1]. Acrodynamic loadings are distributed fairly uniformly throughout the two-stage



fan. Stator hub loadings are expected to be most critival in terins of stage stall margin although
seme flexibility is available since the stator aneles are resettable £10 deviees (.17 radians) from
their design stagger in increments ot 2.3 degrees (0.044 radians).

Blockages were included in the aerodynamic design to account for boundary layer growth on
the <asing walls and for presence of the partspan shroud at 61 percent span from the hub of
the first rotor. Boundary layer displucement thickness at the first rotor inlet was assumed
equal to that measured downstream of inlet bellmouths during Pratt & Whitney Aircraft’s
research programs. Growth of the wall displacement thickness through the blade rows of rlie
two-stage fan was estimated using a correlation developed by W. T. Hanley [ref. 3] wherein
growth along the casing walls is chiefly a function of wall static pressure gradient. To account
for the presence of the partspan shroud, a blockage equal to the percent of total annulus area
occupied by the shroud was applied at the cxit of the first rotor and the inlet of the first stator
and half this amount was used at the inlet of the first rotor. No allowance for shroud blockage
was applied at the first stator exit or other downstream stations. This procedure has been shown
to yield good agreement between calculated and experimentally determined velocity Adistributions
of shrouded rotors similar to the first rotor of the two-stage fan. Total blockages, which were
input to the streamline analysis calculation at various axial locations (Table I1), were computed

>

as the sum of endwall blockages and shroud blockages. These blockages were applied equally
to all stream tubes at each of the axial locations.

TABLE Il
ANNULUS BLOCKAGES

Location Total Blockage (%)
Roter 1 L.E. 2.4
Rotor 1 T.E. to Stator | L.E. 4.1
Stator 1 T.E. to Rotor [ L.E. 2.8
Rotor 2 T.E. to Stator 2 L.E. 3.8

Stator 2 T.E. 3.5

Predicted rotor and stator total loss coefficients for the final aerodynamic design are shown

in Figures 7 and 8, and predicted rotor adiabatic efficiency is given in Figure 9. The method
used to determine rotor and stator losses is discussed in Appendix B. Tabulations of aerody-
namic parameters versus percent flow at the rotor and stator leading and trailing edges are
given in Appendix C, Tables IX through XVI. As shown in the final flowpath (Figure 10),
axtal spacings between the first rotor and first stator and between the second rotor and second
stator were held to a minimum, which is in line vith actual engine design practice. A spacing
of slightly more than one inch was allowed between stages to provide room for a tangential
traverse at the first stator exit. A schematic showing the mechanical layout of the rig is pre-
sented in Figure 11,




AIRFOLL DESIGM

Rotor and stator blade sections tor both stages of the fan are multiple-circular-are (MCA)
airfoils designed on conical surfaces which 1pproximate streamsurfaces of revolution,

Figure 12 shows the variables which define an MCA airtoil: these include blade setting angles,
total and front chord. total and tront camoer, maximum thickness and its chordwise location.
and leading and trailing edge radii. Also snown are the assumed shock location C-A-B. and the
blade spacing. Blade setting angles were determined from design flow angles and incidence
and deviation angle criteria. Incidences tor sections where Mach numbers e xceeded 1.0 were
set at a critical point on the suction surfiace and included allowance for blockage at thy tiade
leading edge, boundary layer growth, and bow-wave loss. Incidences for subsonic sections
were based on test data from previous experience. Deviation angles were calculated using
either Carter’s Rule or Pratt & Whitney Aircraft’s cascade method, with results from each
method modified by small adjustments derived from test data. Blade chords were chosen to
be consistent with moderate axial lengths, acceptable rotor loadings, and structural require-
ments. Airfoil cambers were distributed chordwise to give adequate channel flow aureas and
proper entrance curvatures. Airtoil leading and trailing edge radii and thicknesses were chosen
to provide mechanical integrity yet allow udequate flow arca. Figure 13 shows a view of a
rotor and stator from each blade row of the two-stage fan.

ROTORS
A summuiy of important parameters of rotor blading is given in Table I11.
TABLE 11l

ROTOR BLADING PARAMETERS

1st-Stage 2nd-Stage
Number of Airfoils 28 60
Aspect Ratio* 2.48 2.69
Hub Chord - inches (meters) 3.62(.092) 2.10 (.053)
Tip Chord - inches (meters) 4.55(.116) 2.10(.053)
Tip Solidity 1.33 1.43

*Average length/axially-projected-ront-chord.

Rotor chords (Figure 14) were chosen t) be consisient with moderate axial lengths, acceptable
rotor loadings, and structural requirements. The ratio of front-chord to total-chord was set

to provide a transition point 0.8 of the distance from the leading edge to the normal shock
location on the suction surtace (peint B in Figure 12).




Rotor maximum-thickness to chord ratios (t/c) were sclected to provide mechanical stability
while maintaining minimum airflow blockage. Rotor ! has a hub t/c of 0.08 and a partspan

shroud at 61 percent span from the hub. Rotor 2 hos i hub t/c of 0.095 but no partspan
shroud. Spanwise distributions of /¢ for hoth rotors are linear trom 100t values to a t/c of
0.925 ut the tip. The chordwise location of maximum thickness for both rotors (Figure 15) ’

was chosen such that for a given total and front camber and a given total and front chord, the
leading edge wedge angle was the minimum possible without creating a cusp-shape in the front
portion of the blade.

Incidence angles for sections whose inlet relative Mach number (M’ 1) exceeded 1.6 ware Josen
at a location termed the a’ point, a point on the suction surface haltway between the | iding
edge and the point from which a Mach wave emanates that meets the leading edge of the tol-
lowing blage. This incidence alignment technique for supersonic flow is explained in Reference
4. Incidence at the a’ point (Figurc 16), together with entrance region and channel area con-
siderations, determined leading edge incidence. For most sections with M]' greater than 1.0,
incidence was set approximately 1.5 degrees (.026 radians) to the blade suction surface at o',
with the 1.5 degrees (.026 radians) intended to account for blockage at the blade leading edge.
development of the suction surface boundary layer, and bow-wave loss. For sections where

M, " was only slightly greater than 1.0, higher values of incidence to the a' point were required
to provide adequate flow area while maintaining a smooth distribution of leading edge incidence.
Incidence angles for subsonic sections were set at the leading edge in accordance with minimum
loss data from previous experience. At the hub, design suction surface meidences at the leading
edge are -0.9 degrees (-.016 radians) for rotor 1 and -0.1 degrees (-.002 radians) for rotor 2.
These incidences fair in a smooth curve (Figure 17) to incidences for sections with M]' greater
than 1.0. (Note that the M, " = 1 0 point occurs at a lower percent span for rotor 2 than for
rotor 1 because of the relatively high hub convergence). Rotor deviation angles were calcu-
lated using Carter’s Rule plus the adjustments shown in Figure 18. Data from tests of the
highly loaded, 1600 ft/sec (487.7 meters/sec) rotor [ref. 1] were used as the basis for these
adjustments.

The ratio of front-camber to total-camber (Figure 19) was chosen to provide a minimum
channel flow critical area ratio (A/A* i) of approximately 1.04 over the outer forty percent
of span, ranging to values as low as 1.02 at about twenty percent of span (Figure 20). As
shown by the curve basea on data from Reference 1, the margins provided above choke are
compatible with good performance. Distributions of flow area ratio (A/A*) through the blade
channels of both rotors are shown in Figures 21 and 22 for several percents of span. To com-
pute these flow area ratios for each streamline, actual area A was calculated by correcting

the local channel widths between adjacent blades to account for streamtube annulus area
convergence or divergence. Criticul area A* at these locations was determined by modifying
the value at the leading edge to account for losses and changes of radius. The loss calculated
for each streamline was distributed in the following manner: 1) no loss was assumed from

the leading edge to the location of the first covered section of the blade (point B in Figure
12), 2) a normal shock was assumed to be situated at the first covered section. and a normal
shock loss based on the local Mach number determined as outlined in Appendix B was ap-
plied in the blade channel near point A in Figure 12, and 3) the profile loss (total minus shock
loss) was applied lincarly from a value of zero immediately downstream of this point to the e
full value at the trailing edge.




Rotor geometry on design conical surfaces is summarized in - ppendix D, Tables XVII and
XIX. For each airfoil section. two values of total and tront camber are tabulated. Figure 23
gives a polar representation of a blade mean-camber-line and the two definitions used to cal-
culate these values of camber. For manufacturing purposes, the airfoil sections were redefined
on planes normal to the stacking line, a radial line through the center of gravity of the root
conical section. Rotor blade coordinates for these redefined sections are tabulated in Ap-
pendix E, and Figure 24 gives the airfoil coordinate definitions used in these tabulations.

STATORS
A summary of important parameters of stator blading is given in Table 1V.
TABLE IV

STATOR BLADING PARAMETERS

ist-Stage 2nd-Stage
Number of Airfoils 46 59
Aspect Ratio* 2.75 2.20
Hub Chord - i.iches (meters) 2.75(.070) 2.22(.056)
Tip Chord - inches (meters) 3.10(.079) 2.45 (.062)
Hut Solidity 2.52 2.25

*Average length/axially-projected-root-chord

Spanwise distributions of front chord, front camber, and location of maximuin thickness

were selected to give low curvature entrance regions for high Mach number hub sections,
fairing smooth!y to nearly double-circular-arc (DCA) airfoils in the lower Mach number region
near the tip. This design concept was based on past experience where DCA stators have shown
better performance than MCA stators when inlet Mach numbers drop below 0.7 [ref. 5] .
Spanwise distributions of a chord-camber parameter for both stators are presented in Figure
25 their relationship to a DCA airfoil is shown.

Stator spanwise chord distributions (Figure 26) and the blading parameters of Table 1V

were chosen to give reasonable axial lengths and loadings. Front chord was selected to pro-
vide a transition at the first covered section for the standard MCA root sections and at approxi-
mately 50 percent of chord for the tip sections, as shown in axially projected views of both
stators in Figures 27 and 28.

Maximum thickness to chord ratio was set to vary linearly from 0.04 at the hub to 0.075 at
the tip to provide low losses while being adequate for mechanical integrity. Near the hub the
chordwise location of maximum thickness (Figure 29) was chosen to provide a minimum lead-
ing edge wedge angle without creating a cusp-shape thickness distribution. At the tip sections,
maximum thickness was set at midchord.




Incidence angles at the hub of both stators were set ot approximately zero degrees to the
suction surface based on minimum loss data trom Reterence S, varying almost linearly to -6.1
and -6.9 degrees (.11 and -.12 radians) to the suction surface for the tirs: and second stator
tips, respectively. Tip incidence angles were selected using Pratt & Whitney Aircraft’s cascade
method for DCA airfoils. Figure 30 shows predicted loss versus incidence angle tor two cas-
cade sections with approximately the samce geometry as the tip sections of the two-stage
stators. Incidence angles for the stator tip sections were chosen slightly less negative than
values for minimum loss so that desired channel areas between vanes could be attained.

This incidence selection is in good agreement with the incidence system of Reference 6.

Stator deviation angles were calculated using Pratt & Whitney Aircraft’s cascade method
modified by correction factors from the test results of References 1 and 2. Figure 31 shows
the predicted deviations for the stators and their comparison with deviation angles calculated
using Carter’s Rule. Stator inlet and exit metal angles defined on conical surfaces are pre-
sented in Figure 32,

Leading edge incidence and front camber were used to control throat area of the channels
between blades. Desired throat areas were established by a correlation from Reference 5 of
capture-area/ throat-urea ratio as a function of stator inlet Mach number (Figure 33). Mini-
mum tlow area ratios (Figure 34) include a five percent choke margin near the hub of both
stators compared to approximately tour percent predicted for minimum loss. The extra
throat area was provided to give smooth radial distributions of blade geometry and to reduce
high local velocities which potential flow calculations (based on the method of Reference 7)
showed existed near the leading edge of the pressure surface. A representative example of
choke margin effects on velocity is presented in Figure 35. Channel distributions of A/A*
(Figures 36 and 37) show that the minimum A/A* occurs near the channel entrance for each
of the various spanwise positions. Stator geometry on design conical surfaces is summarized
in Appendix C. For manufacturing purposes, the airfoil scction coordinates were defined on
planes normal to a radial stacking line. The resulting stator airfoil coordinates are given in
Appendix E.

STRUCTURAL AND VIBRATION ANALYSIS
Design of the rotor and stator blades included structural and vibration analysis to determine
configurations which satisfy mechanical requirements. Analysis included calculation of:
I) blade-disk trequencies and their resonances with rig excitations, 2) steady-state and

vibratory stresses, 3) flutter parameters, and 4) rig critical speeds.

Rotor blades were tabricated from AMS 4928 (titanium alloy); stator vanes from AMS 5613
(stainless steel); and disks, hubs. and spacers from AMS 6415 (low-alloy steel).

ROTORS
Rotor 1

a. Blade-Disk Vibration

Blade frequencies were caleulated with aid of the following assumptions:




1. The number of blades is much greater than the order of vibration. y
2. Blade roots do not resist circumfersntial distertion of the disk rim.
3. Disks arc uniformly restrained at a radius of fixity, such as a bolt circle,

4. The berding stiffness of a shroud ring is not increased by its intersection with a
stoggered airfoil.

A partspan shroud was required for the first-stage rotor to avoid first bending resonan .« vith
first and second rig order frequencics occurring in the operating ranze, which extends from

50 to 110 percent of design speed. The shroud location was chosen to provide the best com-
promise between high speed margin with a 3F resonance (3E = 3 excitations per rotor revolu-
tion) and the speed at which a 4F resonance would oceur. The sclected location of 61 percent
span from the hub gave the first-stage rotor a predicted 8.9 percent 3E resonance frequency
margin at 110 percent of design speed and positioned the 4F resonance associated with the
first bending mode at about 82 pereent of design speed (Figure 38).

Higher order excitations from instrumentation probes and the ten irlet struts are not ex-
pected to excite the system in the high speed runge because experience with Pratt & Whitney
Aircraft research fans has shown that wakes associated with inlet struts wash out sufficiently

so that their excitation energy is negligible. Figure 39 shows that excitations associated with
the 46 stator vanes in the first-stator row could result in a resonance with the third tip mode

at about 64 percent of design speed. but this is not considered serious based on past experience.
Resonances with first and second modes will not occur in the expected range of operation.

b.  Blade Stresses

Stresses due to centrifugal and untwist forces were calculated for 110 percent of design speed.
The results show three spanwise locations of high steady-stresses for rotor 1 (Figure 40):

}. The maximum coml;)ined steady stress (excluding local fiber stresses) is 70,000 psi
(483,000,000 Nt/m<) and occurs on the concave side of the blade at 14 percent
span. This stress is well below the 0.2 percent vield stress for AMS 4928 at 150°F
(338.7°K) of 108,000 psi (745,000,000 Nt/m<).

Calculated local fiber stresses of 85,000 psi (586,000,000 Nt/mg) occur at the
blade leading edge at the hub. These stresses include a correction for platform
angle and are not considered a problem since they are similar in magnitude to those
of other successfully tested fan rotors.

tJ

3. Local fiber stresses of 81,000 psi (559,000,000 Nt/m:), calculaeted at the leading
edge of the blade immediately below the partspan shroud, are not considered
critical for two reasons. First, this arca has a relatively low percentage (22 percent)
of the maximum vibratory stress associated with it, and second, the actual
operating steady stresses should be considerably lower than the 81,000 psi
(559,000,000 Nt/m=) calculated because this value was determined using the con-




servative assumption that the blade at il shrond location is fixed along its entire
chord length. In reality, the shroud exter s an'v along apnroximately the rear
half of the blade chord, and a correction tor this fact would considerably reduce
the calculated value ot steady stress.

Figure 40 also shows arcas of high vibratory stress associated with forced vibrations of rotor

1 (potential flutter problems associated with free vibrations are discussed later in the
structural section). The maximum calculated vibratory stress in the first bending mode occurs
just above the shroud - the combined steady stress at this location is 51,000 pst i 352,000.000
Nt/mz). The vibratory stress at the hub leading edge is 69 percent of this maximum, ai.d

the vibratory stress on the suction surface at 14 percent span is only one or two nercent of
the maximum. Figure 41 is o modified Goodman Diagram showing allowable vibratory stress
as a function of steady stress. The maximum combined steady stress of 70,000 psi (483,000,000
Nt/mz) at 14 percent span was chnsen as the critical steady stress for determining the maxi-
mum continuous allowable vibratory stress. Except for the noncritical, high local fiber
stresses, steady stresses for other locations would give less conservative (higher) values of
allowable vibratory stress than ghe 10,000 psi (68,900,000 Nt/mz) determined from the
70,000 psi (483,000,000 Nt/m-) steady-stress pognt. Actual operating vibratory stresses
should be less than 10,000 psi (68.000,000 Nt/m~) since predicted critical resonances do not
occur within the operating range, and the blade should have satisfactory fatigue character-
istics.

The partspan shroud was sized and positioned to satisfy aerodynamic and structural require-
ments including the 3E margin requirement. Shroud design parameters and stresses are
summarized in Table V, and a sketch of the shroud is shown in Figure 42. The shroud bear-
ing stress is 6900 psi (47,600,000 Nt/mz), which is below values for successtully tested
Pratt & Whitney Aircraft research rigs (e.g., 8,500 psi or 58,600,000 .\'t/m:‘). The shrouds
were designed to fit together tightly enough to provide adequate damping of vibrations
without shingling. The Z-ratio*, a measure of the relutive stiffnesses of shroud and adjacent
blade, is within the realm of successful experience.

TABLE V
ROTOR 1 PARTSPAN SHROUD PARAMETERS

Parameter Design Value

Spanwise location - percent span from the hub 61

Contact Angle-degrees (radians) 60 (1.05)

Z-ratio* 0.82

Bearing Stress - psi (N(/m?‘) 6,900 (47,600,000)
Bending Stress - psi (Nt/m?2) 75,006 (517,000,000)

*See symbol list for definition of Z-ratio




Blade Flutter

Flutter is a self-excited and self-sustaining vibration which occurs in eithier a torsionai or
bending mode or a combination of both. Supersonic flutter is restricted to the high speed
operating region of the compressor where inlet relative Mach numbers exceed 1.0 over a
significant portion of the blade span.

Values of flutter parameters for the first-stage rotor blade were calculated at design speed
and at 110 percent of design speed and were compared with correlated data from previous
tests. A value of the bending flutter parameter Yc/d for shrouded blades was calcuiatcd for
110 percent specd, the operating speed considered most cuitical in regard to tlutter. The
calculated value of 0.224 lics within the range of experience where no flutter problems have
been encountered. Favorable results were also obtained in calculations of a dimensionless
supersonic torsional flutter parameter 2V '/cwt, whose value of 1.0 at 110 percent of design
speed indicated that no supersonic torsional flutter is to be anticipated.

d. Disk and Attachment Stresses

Conventional dovetail attachments were selected for both rotor blades. Table VI lists the
calculated and allowable rotor | disk and attachment stresses for critical locations. Combined
stresses (centrifugal plus untwist) are also presented. All calculated values fall below the
maximum aliowed. In addition, the dynamic stress ratio (airfoil-root-stress divided by
attachment-stress) is above the minimum recommended value of 2.0, indicating that the
attachment will withstand vibratory stresses greater than those the airfoil can tolerate.

Rotor 2
Blade and Disk Vibration

No partspan shroud was required on the second-stage rotor blades since resonances calculated
initially could be avoided by increasing the hub t/c to its design value of 0.095. Figure 43
presents the vibratory response of the second-stage fan rotor blade showing that the first
coupled bending mode has 24.2 percent 2E margin at 110 percent of design speed. The first
blade-disk coupled mode 3E and 4E resonances occur relatively low in the operating range
(at 78 and 51 percent of design speed respectively). The first chordwise bending mode at the
blade tip will not be excited in the operating range by vane passing orders (Figure 44). Rotor
cxcitation in the second mode will occur at approximately 67 percen. and 86 percent of
design speed; however, experience has shown that the response in the second mode should
not constitute any vibrational problems in the speed ranges indicated. No significant third
mode resonances occur within the operating range.

b. Blade Stresses

Combined centrifugal and untwist stresses were calculated at 110 percent of design speed.
The results presented in Figure 45 show two locations of high steady stress for rotor 2. The
maximum combined steady stress is 41,000 psi (283,000,000 Nt/m<) and occurs on the
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concave side of the blade at 22 percent span. This value is well below the 0.2 percent yield
stress of 94,000 psi (649,000,000 Nt/n: =) for AMS 4928 at 300°F (431 .9°K). The hub
section has high local fiber stresses (40,000 psi or 276,000,000 Nt/m~) at the leading edge,
which from past experience should not present a problem.

Figure 45 also shows arcas of high vibratory stress for rotor 2. The maximum calculated
vibratory stress in the first bending mod2 occurs at the root trailing edge. The vibratory
stress at the hub leading edge is 87 percent of the maxinium, and the vibratory stress on the
suction surface at 22 percent span is 20 percent of the maximun. Figure 46 shows a Goodman
Diagrem of allowable vibratory stress versus steady stress for rotor 2. Since the local fiber
steady stresses at the hub are not considered critical, the maximum steady stress of 41,000
psi (283,000,000 Nt/mz) at 22 percent span was used in determining a value of allowable
vibratory stress for the blade. Since the maximum combined steady siress is iow and no
critical resonances are present in the high speed operating range, actual vibratory stress levels
should be less than the allowable value of 16,000 psi (110,000,000 Nt/mz) indicated by the
Goodman Dragram.

C. Blade Flutter

Calculations of a dimensionless supersonic torsional flutter parameter (2V '/cwt) were made
for rotor 2 and compared with correlated data from rig tests. The value of flutter parameter
computed for design speed (2.18) indicated stable operation at this speed. However, the
value calculated for 110 percent of design speed (2.35) was near the correlated line separating
stable and unstable operation, and flutter problems may exist at this speed. Rotor blades

will be adequately instrumented with strain gages so that any blade flutter can be detected
and avoided.

d. Disk and Attachment Stresses

Table VI lists the calculated and allowable rotor 2 disk and attachment stresses for critical
locatiuns. Combined stresses arc also listed. 1t can be scen that all calculated values fall
below the maximum allowed. The dynamic stress ratio (airfoil root stress divided by attach-
ment stress) for this blade is well above the minitnum recommended value of 2.0.

STATORS
a. Stator Vibration

The stator bending frequencies were calculated assuming that the vanes were fixed along the
entire chord at the average gaspath 1.D. and average gaspath O.D., \/hile the torsional frequency
calculation assumed the vanes fixed at the O.D. and free at the 1.D. As shown in Figure 47,
stator 1 first bending and first torsional frequencies will not be excited by blade passing

orders in the operating range. Second bending or third torsion could be excited by the first
ro.or blade puassing order (28E), but these arc not expected to create vibratory problems.

The results of Figure 48 show that stator 2 first, second, and fourth order vibratory modes
could be excited by blade passing orders in the low operating range; however, excitation
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energy at these low speeds will be minimal and no vibrational problems are anticipated.
Excituation of the third torsional mode by first rotor blade passing orders is also considered
unlikely to occur with amplitudes sufficient to create problems.

b. Stutor Stresses and Flutter

Stator vane gas bending stresses were calculated assuming two end-conditions: 1) a con-
ventional guided cantilever and 2) the 1.D. end-guided and the O.D. pinned. The maximum
bending stresses were c;:’lculatcd as 21,300 psi (147,000,000 Nt/mz) for stator 1 and 30,300
psi (209,000,000 Nt/m=) for stator 2, which are well below the ailowable of 106,000 psi
(731,000,000 Nt/m=). The maximum vibratory stress is not expected to exceed 10,000 psi

.0 . . .
(68,900,000 Nt/m~) since there are no critical resonances in the operating range.

Flutter parameters were calculated for bott stators and compared with correlated test data.
Values of a dimensionless reduced velocity parameter for bending flutter (V/cwb) calculated
for stators 1 and 2 were 0.88 and 0.63 respe ctively, which are within the successful (no
flutter) area determined through experience. A similar conclusion was indicated by the values

of reduced velocity parameter (V,/cwt) for torsional flutter, which were computed as 1.24
and 1.05 for stators 1 and 2 respectively.

CRITICAL SPEEDS

A rotor-frame, critical-speed analysis was performed to determine the vibrational character-
istics of the fan. The analysis was based on a model which included all significant structural
members of the rig and used the spring-mass system shown in Figure 49.

Four critical speeds were calculated to occur within the range of operation of the rig, namely
1059, 3045, 5932, and 9049 rpm. The first three modes are predominantly case modes, which
are harmless since they are insensitive to unba'ance and since heavy damping due to the large
number of joints of the system will keep their vibrational amplitudes small. The fourth mode,
the first critical specd at which there is rotor § articipation (Figure 50). occurs at 9049 rpm

and is expected to be sensitive to unbalance in the drive system. By controlling spline
clearance at the drive shaft spline, the potentizl unbalance which can excite this mode will

be minimized. Also. provisions have been made for field balancing the rear diaphragm coupling

so that the drive system unbalance can be controlled if undesirable vibration should occur
during testing.

Vibration accelerometers and amplitude pick ups will permit monitoring of rig and drive
system vibration and aid in evaluating vibration difficultics should they be experienced.

RESUME

The purpose of this report is to present the design of a two-stage research fan with moderately
high tip-speeds and high acrody namic blade loodings. The design features include multiple-
circular-are airfoils, no inlet guide vanes, a partspan shroud at 61 percent span from the hub
of the first rotor, and split casings over rotor tip sections. Other design parameters include:




Specific low* - Ibm/sec-it2 (kg/sec-mz) 42 (205)
Rutor tip speed* - ft/sec (im/sec) 1450  (441.96)
Hub/tip ratio* 04

Tip diameter* - inches (meters) 31.0 (0.787)
Overall total pressure ratio 28

Overall adiabatic efficiency (percent) 83.9

Tip solidity - rotor 1 (rotor 2) 1.33  (1.43)
Hub solidity - stator 1 (stator 2) 2.52 (2.25)
Aspect ratio** - rotor 1 (rotor 2) 248  (2.69)
Aspect ratio** - stator 1 (stator 2) 275 (2.20)

* atinlet to first rotor

**average length/axially projected root chord
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APPENDIX A
FLOW FIELD CALCULATION PROCEDURES

The aerodynamic flow field calculation used in this design assumes axisymmetric flow and
uses solutions of continuity, energy, and radial equilibrium equations. These equations
account for streamline curvature and radial gradients of enthalpy and entropy but neglect
viscous terms. Calculations were performed on stations oriented at an angle A with respect
to the axial direction.

The equation of motion is in the form:

1 ?)V2 V2 V2 1 a
M cos(A-—€) + —M — sin(A-¢)-—2- + —F =9
2 om R, r p or
o€ ) )
Rc = = streamline radius of curvature
om

Enthalpy rise across a rotor for a streamline, , is given by the Euler relationship:

AHRotor = (UzVg2)y — WiVpily

Weight flow is calculated by the continuity equation:

y tip
- in(A —¢
sin A
y root

where K is the local blockage factor and y is the length along the calculation station from the
centerline to the point of interest.
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PERCENING PACT 00 7 20T rrn
APPENDIX B
LOSS SYSTEM
ROTORS

Rotor losses were estimated using a model in vhich total loss is calculated as the sum of
shock loss and profile loss. The loss model assumes that a normal shock is situated at the
first covered section of the blade passage. The Mach number immediately upstream of the
shock is determined by free-streamline relationships that satisty continuity to the shock
position, midway between blades. This free-stream flow calculation accounts for streamtube
contraction and radius change from the blade leading edge to the shock position. The effect
of blade blockage is introduced by adjusting the free-stream area ratio, A/A*, by the ratio
of blade channel width to s cos f8 1> were s is the blade spacing. The resulting A/A* then
establishes the Mach number immediately upstream of the shock.

Rotor loss correlations were based on «data obtained in tests of both high tip-speed and low
tip-speed single-stage fans [ref. 1 and 2. Losses were separated into shock and profile com-
ponents by subtracting calculated shock losses from measured .. ,osses. Rotor profile
losses were correlated in terms of a profile loss parameter (& .cos 8 5/20} versus diffusion
factor, with percent span as a parameter (Figure 51). Design estimates of rotor losses are
tabulated in Appendix C.

In applying the loss model to the actual design of airfoil sections, no loss was assumed in the
blade channel upstream of the first covered section, at which point the full shock loss was
applied. The profile loss was then applied linearly from a value of zero at the first covered
section to the fuil value at the trailing edge.

STATORS

tator loss estimates for the two-stage fan were based upon experimental midspan data for the
transonic stators used in the studies of References 1, 2, and 5. Losses for these MCA airfoil
stators (with Mach numbers up to 1.1) were correlated in terms of total loss parameter
(& cos 63/20) versus diffusion factor without subtracting shock losses from total measured
losses. Loss predictions for the two-stage stators were made trom a single curve of loss
parameter as a function of diffusion factor plus an endwsll increment determined from data
from References 1 and 2, (Figure 52). Design estimates of stator losses are tabulated in
Appendix C.
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APPENDIX E
AIRFOIL COORDINATES ON MANUFACTURING SURFACES

(For defirition of symbols see Figure 24. page 31 of text)
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TABLE XXI(a)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 1

Zc

-eul(lNQ
0«33V 1
« 1014
02074
031“‘0
4192
- AR
6238
e7336
«e81384
e 743

1404779

1e1527

le2317%

163623

led871

15719

leb767

l1e781%
1«8R63

].9‘?1]

2.0957

22077

Z¢3C55

Je4103

245131

2e5179

2.7247

282174

2¢7343

3,32379

d,1683H

3,237%

33,2446

]N(-NI;J

P

~es0l6m
-«QN81
5785
01639
e 2543
R R
el 11l
e4R2G
a5 4HQ
6061
e6370)
«/0UN
« 7389
+3133
«3213
e 239
«d238
v} 48
e 7539
7757
¢ 74565
A
06616
0637)
o345 3
e 17 4]
3736
« 3037
e 2739
AR AD)
weu ]t

-e}264

RADIUS (INCHES)
CHQRD {INCHES)
ICcsL CINCHES)
YCSL (INCHES)
RLE (INCHES)
RTE (INCHES)

X“AREA (SQe [We)
GAMMA=CHORD(DEGe )™

YS

eu2(2
sL 317
1517
02760
3732
05-')38
eb (3RS
o704
e 7072
«+ 8590
7210
«9735
tel17%
le,53+4
TelHIY
1.1016
lel ]
lel 190
1ellb2
1410691
1.C5AR8
1el226
s 9771
9214
sH8562
e7797
6915
e5906
4770
e 3483
2042
« 0535
o‘j“l‘)

6,192

I, 249

106631
L7472
«01135
w0216
07135

~3.41

2C

« 207
0002
27
«J0R3
e N3RL
« 1106
01133
e JLAC
178
s 213
e 0240
(02664
e 293
+7319
REY)
«73713
3399
o424
0453
e"HM A&
e CH132
055G
sNH4
o612
«0639
aN-¥ 2
«N692
o717
e 745
772
«799
o =822
24785

RADIUS
CHORD
ZCSL
YCstL

e TERS
YpP

=+ L0y
=«7C02
«302C
«0G43
e CCEY
084
«MNicH
0123
«C1139
nclsq
167
«Cl78
0187
QC!‘JQ
279
«02C6
C239
«C210
erF2C9
0207
eIk
0197
o8y
1180
oC1bR
0154
«N139
.Q1ac¢
«C10C
U7
73552
OCCZQ
-eDUuul
-.CUQ7

(METERS)
(METERS)
(METERS)
(METERS)

RLE (MfpTERS)
RTE (METERS)
X="AREA(SQeMETERS)® 0000474
GAMMA«CHORD(RAD )" «40595

YSs

200725
»0008
Ny39
0073
0100
«0128
« 0155
0179
«0200
021
20234
0247
«0258
« 0268
0275
«0280
«0283
(284
$ 0284
«3J281
20276
« 0269
«0260
G248
0234
«0217
«C198
laiib
«J120
0121
e 2088
. 0052
«Q0!l5n
2011

01872
e082%
eQ422
«0190
¢000343
eQ0084yg




TABLE XXI(b)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 1
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TABLE XXl(c)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES - ROTOR 1
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TABLE XXIla)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 1
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TABLE XXl(e)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES —- ROTOR 1
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TABLE XXIf)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES - ROTOR |
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TABLE XXI(g)

AIRFOIL COORDINATES ON MANUFACTURING SURFACFS — ROTOR 1
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TABLE XXI(h)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 1
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l.450%3 e 2618 897G L3357 «CLbS 0128
1o5C57 267 L sC3KD e CCéw «C128
lehla] 02772 YR e HTP rLES « 0130 .
Jertbh 2742 S50 e[ 222 «CC70 «C130
1. 606 27230 L6 s by CLED o129
1.9072 26499 c49E2 «Chhy oCCET 127
~ 2.0C70 w2637 TR CHIC WCCo7 01723
2.1080 WL sH690 ' CHLASG eLLHS «C119
2,204 e 21 e H et 478 CHAY o CGE2 G114
ZeICHE 02200 sM21R el LBE (52 UCIC7
2.49091 22101 v 39C73 0612 «0CS2 CLIYT
2.5095% o LR 03649 eCHAY 0CHR «CL70
2.60°9 e 1 &850 « 3138 eC6LAI s CO42 +CO8C
2.7:03 1377 el L bY sCLRP L0y CLHE
2.8107 sjn7c 2130 L7714 27 «CUISH
2.911¢C o727 16274 +C73% ,ocin CU3Y
3.04 14 Y REY- s LESY sC7hK eCLU9 «C022
31002 Lepn4d W 130 CIRS L CCC sCOUN
Jsllle - (071 PRI «C79C -.C0C2 «00C2
RADIUS (NCHES) = 14,835 RADIUS (METERS) = 3768
CHORD (INCHES) = J. 112 CHORD (METERS) = «0790
ZCsL (INCHES) = 1.5627 ZCsL (METERS) = 0397
Yycstu (INCHES) = « 3079 ydst (METERS) = e0078
RLE (INCHES) B 10081 RLE (MrTERS) s ¢00020s
RTE ({INCHES) = 0078 RTE (METERS) = 6000197
P X="AREA (SRe [Ne) = 5275 X=AREA(SQeMETFRS)®s «00QC34cC Vel
GAMMA-CHCRDI(DEGe)® 14,33 GAMMA=CHORD(R~De)s 0250

101




TABLE XXIIl(a)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

INAHES Mg TEgRS
lc vP \ 7C YP YS

=,0C30 -,0098 «C0°C =,n(cl> « 0003
«0080 «,g05% e00C2 «,000) «C00s
2 0a55 'UZSJ .0(,'17 .QOC(., .0017
131G 589 0033 0L 1SR « 0030
e 1969 «090% «COGC w0023 «0042
02620 01204 067 «Cyd « 0054
3275 s 148BY eNG8J eC03n « 0065
«3930 v 1746 «Glee 0CHY 0076
s Hn 8¢ « 1990 Nl 14 «N0S 008G
«5240 022147 «"133 «0CSs «0096
e9895 2422 P10 eNr 62 «C10H
«6540 02604 eClb66& e0064 0111
+ 72058 02762 eN183 0C7n G117
«7860 «2896 «N2NC 0074 e0122
«H5189 v 3007 216 0574 e0127
9170 s 3U9H 233 .0079 «C}30
fIH25 03155 1,250 2080 0132

1«04 40 3191 o266 0C81 0133

1e1135 « 3200 e 283 LR o134

1.17%0 e3184 «n299 « 008 «0133

1e2445 «3140 316 OU8r «Q0131

13100 « 3067 ¢33 0C78 «0129

163755 e 2966 eN349 o0 7¢ «G12%

le4410 « 2833 or3b6 .CL72 «C120

1e5C85 2667 «C373 e fGbs NERE

1¢5720 07467 eN359 «0C613 «0137

16375 02232 0416 .00S7 «0094

17030 1957 04313 .0CS50 G087

17685 e 1643 NLRL «0CY) « 0078

le834C + 1285 ePybé G «0061

1eB995 «UR78 or4Aa2 oPC22 e 0048

1e965C «Q420 e 0499 001 eCO26

20249 -e004Y S ly -e0NGC0Q «00QuUS

20335 -o0Q087 o514 -e050; s+ 0yl

RADIUS (NCHES)
CHORD (INCHES)
ZCSL (INCHES)
vestL (INCHES)
RLE (INCHES)
RTE (INCHES)
X"AREA (SQe INs)
GANMA=CHORD(DEG. )

RADIUS (MpTERS) 02192
CHORD (METERS) o051
2CSsL (METERS) 0270
YCstL (METERS) +0084
RLE (MfFTERS) ¢ 00024
RTE (METERS) = ¢000213
XK=AREA(SQeMETFRS)®s 000195
GAMMA=CHORD(RADe)e 2100




TABLE XXIII(b)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

C

T E
L1659
«1318
1977
e2636
e 3295
e 3954
4613
9272
5931
«e5590
« 7249
«e790G8
8567
09226
e TnHES

]QCSH"

j.12023

1e1B62

] e2521

1.316¢C

1¢38339
le4499

Le9157

leb8164

leb475

leZ 134

be?779)

1eRG45H2

19111

162770

2ol 3o+

20429

INCHES

yP

-*0cY0
-,0=A
e01062
eCH4O04
TR R
12844y
-10“4
e1228
e 1400
e1554
'l’OZ
1830
« 1949
e 2040
«2120
2181
12228
02257
02266
02257
01227
«2178
2106
«2G1L3
« 1897
«1756
«}588
1392
s 1166
«Q907
«Q613
(280
s (OU49
~+Q0%71

RADIUS ((nNCHES)

CHORD (INCHES)
2CSL (INCHES)
YCSL  (INCHES)
RLE (INCHES)
RT[ (lNcH[S)

X="AREA (SQe INe)

GAMMAaCHORD(UEGs )

YS

sulgl
'UlSZ

503
sul92
1264
e 1620
e 196¢(
e 2287
« 2597
« 2892

«J1 &4
« 3402
«e34608
«3782
03925
04637
«4118
eH169
4182
4176
4131
4053
«3Q4C
£+ 3791
«3603
«e3374
«3An99
e2775
02395
1953
s 18431
suady
«0204
eCl20

72,130

2,043

1,083¢
02532
+0091
0098
02749

20.02

e

‘oLl
.Ct]C‘?
ULl
«01233
«CCO5N
Q067
« 7084
«01°C
C11?
oC 134
159}
147
e 184
0271
oN21R
(234
251
28
e C2FRS
030 ]
e J31IR
«N335
352
MR RN
3By
e Q402
sCYlp
3435
eNY452
eLHAT
efy4Bc
o052
517
«CH1Y

RADIUS
CHORD
ZCSL
Ycst

METERS

YP

=-*CccQ2
‘00~01
o 04
CCIn
«CCl&
0024
+0C26
o023y
«Mide
«0CH9
»0C42]
«CCHe
«rL49
» 0052
+CCSH
« 095
+CCS7
«0CSH7
+CCBa
0157
«CC57
N1
-1
s TCHY
«CCHYn
sCC4a
nChqq
«£335
«CGA0
1 GC23
eCC 14
eCLC?
-eC01
'ofCO?

30

(METERC)
(METERS)
(METERS)
(METERS)

RLE (MgTERS)
RTE (METERS)
X*AREA(SQeMETERSy®s Q00179
GAMMA=CHOKD(RADe)= +3494

Ys

eCyQ03
JCLuX
.cull
+CU23

0532
€041
. 0050
«0C58
QCU66
G073
«CO3G
«0085%
«C0%2
+C0%e
«.0100
$0103
0105
«C106
«C106
0108
»C103
»C100
«C0OY6
«0092
D084
«0079
«907C
dCo]
«0050
« 0037/
«0021
eQ0US
«C003

02319
«0519
20275
Q064
«Q0023¢
s «000249

103
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TABLE XXlll(c)

AIRFOIL COORBINATES ON MANUFACTURING SURFACES — ROTOR 2

INCHES

e yP
~*000C eon8é
o GCHS ~-e0061|
«Q6067 e0104
1335 (02%3
«2ni2 N LY
2670 0677
«3337 00776
« 4005 0913
g2 1038

¢534Q o] 1
607 1232

c6675 4134
e71342 01‘41“
eB8010 e 443
e8677 1535
09345 01576
19012 1604
1eC679 e} 617

1e1347 e1621
le201 4 01608
162682 «]1582
1e3349 e 1541

o417 e 1484
le1684 14l
1652352 01323
tebn 19 1217
106687 41093
1272394 (950
14022 07814
le8689 «0604
1e935%7 +G398
2.,0024 eJl68
2.N60G9 -00053
2¢0672 «,C0HY

RADIVS ({NCHES)

CHQRD (INCHES)
1CSL (INCHES)
Y s (INCHES)
RLE (INCHES)
RTE { INCHES)

K“AREA (SQe [No)
GAMMA=CHORDI(DE G )

rS

occqs
«L136
«UNLY
«C734
o 11034
«1325
el 01}
e 1864
«2l1lg
e 2356
«25L8¢C
278
2956
«3102
«3221
«J331l4
«3387
e34]9
3431}
«34le
«3374
«3302
«3201
«3070
« 2906
»2709
e2478
«2203
- 1R89
«1528
1115
«Ub4y
173
«L 107

?.530

2,069

1,097¢0
1984
«0092
«0096
02584

25,78

C

*Lure
e L3C2
2017
0034y
LB
0C6H
e 0id8
N 1C2
«C119
s 0136
+ 0153
e017C
+0186
.02"'3
«222C
«0237
0254
0271
«02P8
«230¢
03322
00356
«3173
« 31390
04117
0424
TR
s 45A
0475
Nu9g
«05C9
05213
N9 24

RADIUS
CHORD
ZCSL
YCstL

L TERS

Y

~20c0>2
‘oOQO?
«0C03
«0C07
«CcCl2
e0C1 &
«0C20
e0C23
0024
0029
«CC3>
0003“
0036
003y
«CGIA9
« 004N
004
004}
0041
0041
«NCHC
«CC39
eNC3R
0C3s
+0C34
231
R
«CO24
«0C2n
.CGIR
010
«0004
s NCO1
'-0002

(METERS)
(METERS)
(METERS)
(MZTERS)

RLE (MFTERS)
RTE (METERS)

s+00C2
(003
.00l
QG119
« 00426
« 3024
0041
«004?
« 0054
00060
10NGSG
«QU71
007
0079
«Q082
«Q08yY
«0Q86
.cq87
0087
2087
+0086
+00b4
«£08 |
0078
0074
0069
CO&I
0096
«Q044
+C037
0028
«QQls
«0NC04
<0003

X*AREA(SQeMETFRS | »
GAMMASLHORD(RAD ) »

0242
00526
eQ279
¢ 0050
¢0002)4
0000244y
«000 167
s44%9




“ABLE XXHI(d)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

INCRES METERS
2C y P Ys 1C Yf Y%

asUQrD  aepny2 Gnh7 *CUTC  «eC20? +0r02
J08Y  o,pnéd Lol 1y COL2  =,pg0r .Q003
L6749 o062 ewdiy oCLYV7 0ol 2C009
1348 L 197 «LHYI 0N CLCr vQC1LS
2023 o323 WCH32 «NCBY «0CO0p «002}
02697 o439 irby 20069 e0C1 ) «C(G27
«337] L5486 1280 eC( 86 CL1LY «0033
WH045 eCH43 1489 «21C3 «CCle +0038
4720 su73C YV eCl2C 19 «0043
¢ 5394 « 806 le?7 «C137 «L020 «004s8
6068 oL kT2 $ 2056 0154 L2 0052
6742 09284 2221 017} eCC2Y Q056
7417 LY 76 VAK-Y-) e 18a eCL25 «0CH0
«8C091 elL 15 e /498 o026 eCL26 « Q063
8765 . JCH45 e i587 NP¥E] oCC27 «GOO6E
c 9439 s1C07 s2¢63 a0 24r o027 .0068
S60113 W1 0BO 2716 o257 eGC27 089
1.G789 clLBY 2746 eC274 0C 22 «0070
lelub «1CH0 2763 en291 27 +CC70
142136 ejfoY w2737 aC3CH 0C27 «0074
1.2810C 1041 «2697 o032t eQC24 «CCAY
Jedudsn .1 C0H 2635 12343 CC264 G067
164159 G564 2547 «D3AC 0C24 0065
lev83] 5911 e 2434 «377 NG «0062
1+55C7 B4 «2295 eG394 «0C22 «0054
leb]1562 o772 «213C eTul «CC2C o005"'
1e6K56 sLbb7 1937 sCy28 NC1? s 0049
1«753C «CS8Y 1718 eNHYC «fClyg QLYY
1+ R2CH eCH48N 1462 LYY, eCil2 « 0037
1.8878 e G35Y c1175 eQ4RC «CCO9 «0030
19553 226 «3J8%) 0497 «+CCO4 «0022
el 227 «(CC79 Lu92 efH 14 2« 0002 eN012
Zoof‘lé -occbv 001"3 Oszq -oOCO‘ oCDU“
2.C9C 1} -eC79 U9 o534 -eCCO02 e0002

RADIUS (NCHES)
CHQRD (INCHES)
2CsL { INCHES)
vyist (INCHES)
RLE (INCHES)
RTE (INCHES)
X"AREA (SQe [Ns)
GAMMA=CHORD(DEG )

10,029 RADIUS (METERS) 02547
2,090 CHORD {(METERS) 053
1,109, ZCSsL (METERS) 0282

« 1504 vyCsiL {METERS) Q038
.0087 RLE (Mg TERS) « 00022
«00912 RTE (METERS) » ¢00023¢
02271 X=AREA(SQ.METERS = ¢00015)
31,50 GAMMA=CHORD(RADe)® 85498




TABLE XXlll(e)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

INCHES I TERS |
{
lc yF s ZC YP YS ;
= d0CL  =mep0?7 sL083 «fCTC =400 .CC0> |
«0080 =,0(64 0108 NG 2 -4 C(0> 003 4
L0678 s N33 L0291 «CC17 e CLCH « 0007
e 1357 0135 s0492 03N «0C03 «0013
e2NJd5 «y230 s LhRA «0%2 e 0006 «CQl7
«e2713 w0318 .087¢G s CC0&Y «0G0sg « G022
e3392 v L3IV 2 L1046 0086 QC1lO «C027
e4C78 e 0461 w1214 0113 «0C12 «C03]
P 4748 eub22 1373 12y 0013 «003bH
09427 eCS74 »162% «Clig Q0 1e «C039
«6105 U616 1667 eN}15%5 e0014 «GO42
«6783 e 0651 1203 Ql72 0rl? « 0046
7442 o674 1924 «0190 «QcCl7 «C049
8140 +C694d 20264 «02C7 s0C1lh «C051
8819 712 « 2109 o224 «CG1ln « 0054
497 721 21723 «C241 «0Cla s U0SY
1+C178 G725 2216 «0z258 0l 1g «C056
10599 o (72¢ 2241 €274 «NC1A «0057
ie1532 «C714 2246 «N292 oGla «Q057
1e2210 eUh9Y 2231 sgile «COln «005/
1e2FH49 Y RA 2197 «n327 aCt? «CUYHS
¢ 1e3567 e Ub5H2 e2142 sCI45 «0C17 «CUDH
=3 . 1e42145 s619 c2cé1 «C3é2 «COL4 «C053
T ' 1e9924 CUSBC L1972 «C379 «CCla 40050
1 eh602 eH3N o 1855 0394 QUlH «004%7
146280 Q482 1717 e041ly CCl « U044
166959 U2 e 1857 N4} o"Cly o COH0
l1el637 0358 «1374 «0Y448R +0C0C9 «0035
1.831% ;286 1167 eCubS "CC7 NVRTY
1¢39Y4 «0206 w0336 Q4B 2 P of 11 «C024
169472 v 112G L A79 «050¢C 0023 «Q01/
20351 e GO26 L3394 517 00 «0010
2.0946 .,gesl 0121 «05832 .,.c092 «C09J
P2.l029  «.Q373 «0r83 « (534 a,nN¢Q2 «Q00¢
KADIUS (INCHES) o 10,528 RADIUS (METERS) ® 2474
CHORD (INCHES) = 2,103 CHORD (METERS) = 40534
B 2CsL (INCHES) = 1,118, 2CsL (METERS) ®» 0284
YCSiL (INCHES) = o116l YCsL {METERS) » 40029
RLE (INCHES) = «0082 RLE (Mg TERS) s +000208
RTE (INCHMES) = »008s RTE (METERS) s +000218 '
X*AREA (€Q¢ [Ns) = «2159 X=AREA(SQeMETFRS)® 000139
GAMMA=CHORD(DEGe )™ 3Jg.18 GAMMA«CHORO(RADe)® 6315

106

S




TABLE XXI111(f)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

INCHLES METERS

r4e YpP ' 2 C YP Ys

~-+007C avg0’3 ¢ *QHCC  =*0CC? *0002
'00’6 _.006"‘ H .CL}GZ -CCCD;, -COU?
2061 .Qrey »0Q17 . 000N «COU6
01362 «0081 0038 N ) +C0lQ
e2C43 0148 o res2 eCLLH COly
e 2744 «020U8 GRS W+ PCCq «COlR
e 340y PR (LB «CCO7 «0021
«4085 «(3CH W14 o 0C0s eCO24
766 «034y 0121 0CL9 «0028
«5447 «0381 ofi138 0GlC 031
e6128 LU NELY «0C1LN GLRR)
s6R0Y G226 ‘0173 «COI1 «0036
e 7490 eGH Y 190 NI QU39
8171 QHYS W 0LMR G011y G041
BHYH 2 «CH450C W 022% «CO1y «0043
«751323 «S4n( 0242 «CC 11 NGDIRR

teli2l 3 eijl9s 0("259 01 «0N4S

10894 «Q49C 792 0277 QU1 «CQY8

1elS 7y 429 0294 «0C 1 «C0Y6

12256 L EE sC311 «0Cl « 0045

162937 (379 0329 Rl Ka «CQY4S

1e36189 o037V LT 01D 0043

je4299 KL N33 oCLrJQ QY2

149870 0327 L IBYL QNP «004C

1e566] 297 ol 9n e[ COR «C038

leb34¢ C U262 AR 0Le? «C035

167022 eu2dh 012 sOCCla NI

io”':} o108 «C450 +0(C0g 00028

] oB38Y el 4C CH4T »0C0H «C023

l.‘v):_\éi «00Y3 sC484 .CCO? .CD]9

1eF746 e U042 0502 00 0014

d.0G427 -e(0N12 I 0%19 «a0C00 « €008

210300 aognsd 0534 a,ncCy «COCA

7ellln  =,;05%9 53¢ ~,0L02 COU¢

RADIUS (INCHES)
CHQRD (INCcHES)
ZCSstL (INCHES)
YCSL (INCHES)
RLE (INCHES)
RTE (INCHES)
X"AREA (SQe [N+
GAMMA=CHORDI(DE G )

RADIUS (METERC) 02827
CHORD (METERS) e05836
ZCSL {METERS) 00286
YCstL (METERS) e0Q22
RLE (MFTERS) 000198
RTE (METERS) s 000203
X*AREA(SQeMETFRS = 000124
GAMMA=CHORO(RADs)® 7229




TABLE XX1I(g)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

IMCHES
¢ YP
-e00rN ~ega’n
0073 <,gn6l
0hBE -.001il
1344 Q042
2048 «Q089
0272 00!32
e 34l y G169
«H0Y1 201
«4773 w0227
eHUubHE eL248
6137 e0261
o819 273
«75C e0279
8182 0279
«8EEY 0276
« 9544 «Q2/C
160228 «eQ02613
1.C91C «02%5%
1el16%2 0244
1e2274 e U23¢
le29%0 «g21l8
1ed& 3! U203
o315 Q186
Lebri, eLlo?
leDatbl «Q147
] 6365 «Q125%
;O7C“’ «010}
1e/729 «C076
let8y ]| « 0041
167092 20023
1e9714  aapUbLS
20&“50 -00035
fell6S e ;ygCol
741138 ~e(0N&65
RADIUS ( {NCHES)
CHORD  (INCHES)
1CstL (INCHES
Yycsu ( INCHES)
RLE ( INCHES)
RTE ( INCHES)
K"AREA (SQe¢ INe)

GAMMA-CHORDI(DEG )

Ys

'0572
.Cc8eo
0202
oL 449
LH65
o(&78
« 780
«LRA0
20978
elC64
<1148
«1 228
+1301
«1363
14l
el 444
wlldby
147C
ol4é62
e 1439
« 1403
«1353
«1289
1211
o119

1012
.089}

U756
LYY
0261
«CC90
«Di1bY9

11,627
2,114
1,1307

0668
« 0074
«0074
1717
45,44

METEES
2C Yp YSs
*C0NQ  -eprC2 +0Q0G2
«CC2 ~,000>2 «G002
OCC17 '.OCOD '0005
«0Q03n «CCO1 «C008
0052 « 0002 0011}
s C049 +0CcC3 «0ClH
¢ CCR7 «0CCH «CC1L7
eC1CH «0CCk «0020
aNl2} e 0CO06 «CC22
«0139 «CO0Cs « 0025
L1586 .0cC7? 0027
«Ccl73 «CCQ7 « 0029
«C191 «0C07 «CCII
eC2CH eTCCY 0C033
o 022¢ Q07 « 003y
G242 «CCC7 0036
0260 «CCC7 «C037
0277 e 7GCA «C037
294 WCGC& .C0Y/
0312 eCCO# 0037
o329 o CCle «C037
s 346 «CLOC 05036
R L] «0C0g 0034
«C181 «0C04 «0033
o394 «0c04 +0031
CH16 «CCO2 «0028
«CH33 .0C0d +CO26
LY «C0L02 «0023
e X-¥:] QCCUI 00019
CURY +0CC} «0C!5S
0502 = CCOCD «0C1)
«0520 =-=,000] «00C/
«0535 -,c00?2 «0002
537 =-.CLC? «CCO2
RADIUS (METERS) = 02953
CHORD (METERS) = 0837
ICSsL (METERS) = 0287
YCsL (METERS) s 0917
RLE (MFTERS) s ¢000188
RTE (METERS) = +000188
XK*AREA(SQeHETERSy® 00011}
GAMMA=CHQORD (RAD G )« 0793}




TABLE XXIlI(h)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

lC

-*00r0
Lnséa
086482
1364
2046
02728
311G
4592
1477’4
294545
6133
4820
« 7502
e 3184
«8a66
9548

1002-’0

1.0912

lel6 74

142276

l»2958

le3&4Q

1e4322
1«3CH4

145686

1eb6303

147050

167732

leBY1 Y

le?07%6

1e9778

Je0460

2-1!.17"

2.1142

THCRLS
YP

-*tg0%5
=06}
'00075
«CO11I
«Q04H
002373
U097
G118
3134
eulHde
«eG1h5
«L1IbC
« 0160
oi_;lS’
5150
14y
(0134
« ;129
eydllb
0010"‘
e L7
e (082
euD’0
«Q1158
«QU4S
U033
020
e, 337/
--‘an7
-eud2Q
-3 334
-4/
=-e1J249
o351

RADIUS (INCHES)
CHQORD (INCHES)
ICSL {tINCHES)
YCSL { INCHES)
RLE ({INCHES)
RTE LINCHES)
X*AREA (SQe [INe)
Gk 1MA=CHORD(DEGs )®

Ys

occbb
JAn76
o lé8
0268
WU363
vio4h4
L4
D623
cQ?UZ
777
«TBYR
L9 A
«0y80
104y
«1N913
1135
1167
1187/
« 1194
1187
1172
«1145
. l lo"
1053
U990
«eJILS
«iJA23
00733
3620
w499
sLlbb
«2220
«JD7A
«JC61)

12,127
2,114
141343

«0508
«0068
01509

48,658

2C

~gorc
.GOL‘?
.0017
003y
0052
o CO&Y9
«CGR7
10y
«Cl21
«2119
1564
0173
191
« (3278
o224
0243
o N2AIL
«0277
0294
«nN312
«329
eN348
e 0364
eC38 ]
7398
eCH16
«CH433
e 451N
oC"‘An
s JHAG
-
2 052¢C
« Q25135

RADIUS
CHORD
ZCsL
YCSstL

METERS
Yp

-*Cc02
-,0c07
= 00N}
sCCOC
« 000
N2
e CUT2
GG
«N0C3
+C004y
e GGy
«C004
eCCOH
«CGUH
e0CCH4
«CCOH
«CTC3
«CHQJ
+CuC3
o0CQ02
0602
«0002
«0CQ1
« 000
«CCH
NCTH
«QC130
s QUGN
'00001
'UOCO|
=e0CC1
-00002
=+000>

{MgTERS)

(METERS)
(METERS)
(METERS)

RLE (MfFTERS)
RTE (METERS)

YS

00002
o002

oCOCH
2007
« 0009
«0012
s00!H
«0016
«0018
«N020
0022
°0023
« 0044
«0026
«0028
W 0229
«00dn
NIV
0030
0030
enC3A0
1029
0028
«0027
G025
W0N23
00021
Q019
RN
0011
e 00UY
Q0
.00d2
0002

3080
«0837
«0288
«0012
¢00017s
s 000173

X=AREA(SQeHMETERS, s 000097
GAMMA=CHORD(RADe)® ¢852¢




TABLE XXIII(i)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

INCHES METERS
Ic YP Ys zC YP Ys
=.,0000 -,0062 .C063 +2C7C =,0007 «00N2
L0084 <,gns9 C07¢ 3002 =,0002 Q02
L0682  .,3034  ,C142 «0C17  -,000) + 0004
« 1363 ~,0009 su220 «0C3Is  ~,cC0r «J006
«2045 w013 + 5294 «N0S2 «0C00D «0007
«2726 0032 0366 069 «0001 «000Q79
s 3408 s Q049 U435 «10R7 «71C0) «0011
« 4090 +00&3 05801 «0104 «00607 «Q0!l13
477 Q074 v 06564 «012] «C0N2 «QO1LY
+5433 0082 U624 20139 «C307 «0GC16
06135 0088 WU ABJ «0156 «C007 «QC17
vbdle v Q091 U738 Q173 «CC02 «0G19
7498 ' 0091 «C791 «019C «0002 «0G20
8179 « 0089 «C8H2 «0208 «CGQ2 «0021
8861 + 3084 0889 «022% +0C02 «0023
s 9543 Q077 » 2930 «02472 «0CA2 «0024
1.0224 00071 0960 «24C «CCU?2 «0024
1.0906 210064 .0981 «0277 «rc02? «0025%
11587 +CN56 10992 e0294 « 0G0 «0025
142269 s LONRY (991 «a03l2 «000) .0025
1,29591 0041 098] «0329 «000] «0025
136232 + 033 U960 «03464 «C0C1 «0024
lo4314 + 0025 su928 «0364 .000} «0024
L4996 0017 .0887 038} «00G0O oCD23
, 1e9677 <009 .0836 «039y «CCOO NLER
A 146359 «0QaG0 .0775 0416 2000 «0020
o 1+.7040 .-.q0OC8 12703 0433 .,0C00 «N01A
167722 <.yilé v 3623 e G490 =,c00n «J0Q1a
1.84C4 <, n25 0528 «0Hb7  =,0y01 3013
19095  «,(0033 0427 «J4B5  «,C001 3011
149747 ~eJO4} +0131% oNS92 =00 «QU0HR
200“;‘8 -ouc“q .GIQZ OOSIQ -.UOOI .00”5
241067  -,30%7 0072 e0535 = NGO} «0042
2.1130 -.QN5%7 « 0060 «N517 «~.CCO} «0002
RADIUS ([NCHES) = 12,627 RADIUS (METERe) = 43209
CHORD (INCHES) = 2,113 CHORD (METERS) = +0537
ZCSL (INCHES) = 11,1365 2CSL (METERS) = Q289
YycstL ({INCHgs) = <0401 vyCSL (METERS) = 400Ql0
RLE (INCHES) = «0065% RLE (Mg TERS) = 000165
: RTE (INCHES) =  ,0064% RTE (METERS) = 000163 p
! B K"AREA (SQ¢ [Ne) = o131 X*AREA(SQemETERS,®» +000085
' GAMMA=CHORD(DEGe)® §1,79 GAMMA=CHORD(RADe)= 9039

110




TABLE XXIIIj)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

[HientEs GETF.S
7 y i YS 2C Y YS
-2 30" aeqod? L *00TC -0 « 000!
L0059 o,.005% JUned «FCO1 =arp0d «0002
JU890  -,g037 Lol21 JCULT -, r00) «0N13
« 1342 <,0n18 2183 035 ~,rp0C « 0095
e 20492 =001 243 «0(C52 -eCCOC «0006
e27213 G015 .01 «QC69 «NCO0n «0038
e 3404 $002A BLELT «CTAS e0rny «N1009
s4nNH8Y T WS I «7104 «Cud «00Q1l1
e1765 QN5 2 VLY. W] 0121 OGN «00312
«Hudy s inN62 e 819 «7138 «r302 o013
0127 «q070 P 2669 «1156 «g02 «U01 Y
bHUa 007e Cub1AR 1713 CQ02 «COls
74489 00082 L bbs -(‘.«IVC .(’.UG? «Qogl?
e817¢ sGN8BA 713 «0gNa «CO02 «COIL3
s 8HG | 008y e d 759 e22% «COC2 «0017
9532 (091 «La0Z e 0242 « GG 2 « 004y
10212 0092 0837 eN259 « 0002 «0021}
le0BY 3 L0922 Y] «C277 «CGG2 «0022
} 1.18674 sun2o 0879 «N294 L0 «0022
- 142255 uL87 U685 MERR «NGUO02 «0022
- 12936 fLOBY .L88) e 429 oL G2 eC022
1edblA 0079 P LRET 0346 a2 «CQ022
1e4277 .04 sGBHY 23613 eNLT eCUZI
1e4978 (068 suBlc «N3ARN «0CLL2 0021
145659 0059 U767 039 oCGLO2 «0019
l,634g sL0SP 6713 sN4lcE «CCO «C0O18
le?7C21 «004C e Col4Y «04d? £00C elL0lo
1770 d DL 2K WUS78 «1U45C <001 «C0IS |
RLELY: f003S 492 cuvb7 oLyl eCDI |
1e7C62 I ilels e L2918 o CHAY «2CCO «COIU
1.972%4  _.,g0ié 0294 en50L et @n sCCOU7
2.082% e ,y03w4 «C179 «C51§ =-,000] «GOUS
2.10%8  -,005] L0666 e[238  agnrc0y «0002
2+.11Ceo - ((0S3 L 058 536 - LT} «C00}
RADIUS (INCHES) & 13,126 RADIUS (METERe) = 43334
CHORD (INCHES) s 2,111 CHORD (METERS) = +0836
ZCSL (INCHES) = 1,4137g 2CSL (METERS) » +0289
YCsL (INCHES) = «0367 YCSL (METERS) = 0009
o RLE (INCHES) = «0059 RLE (MFTERS) = +000150 o
1. RTE (INCHES) = «0058 RTE (METERS) s +000147
YSAREA (5Q¢ INe) = 1113 X="AREA(SQeMETERS)® +000G72
GAMMA=CHORG(QEGe ) ®

S4,.,11 GAMMACHGCRD(RADe)® 9444




TABLE XXIII(k)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — ROTOR 2

INCHES FETFRS
¢ YF YS 7C YP Ys
- 00CC  ~sp054 (054 *CUMPr  aeQ(C} ¢G001
LS55 -~ 0052 eUCHY9 «CCC1 =4,CCC) «000C1
WU68C = ,G03b G107 «CC17 =.0cCH + 0003
11360 "'Oﬂlb -0159 OP[;:!S "-PCUC cOOQ"
« 2040 0001 210 oC(52 +CCCO « 0004
02720 «0019 Lot} eCC6HY «QUCO «0007
+ 3400 . 0036 .C312 «CLCHE «CCOH «0008
4080 W 5052 U362 «C1GH «CCC} «COL?9
e 4760 sc070 CH12 2012 «C0C02 «0010
«5439 v Q086 «0462 130 «0002 «CG12
5119 102 elfRl} «C155 «OLC2 « 0013
6799 +Clly 0660 «C173 sCG0C3 sl R
1479 s (134 U609 eC1l5¢0C «0003 «0015
13159 1151 AT «0207 «C(CH N RN
+8839 L1567 L7207 o225 «CO0CwH «ColB
9519 IR 750 e (242 «0y0s «0019
10199 1YY .Cul2 e02569 n0CCe «0020
1.0879 (213 « 0839 0276 «0(0s «0D21
1.1559 (2723 . LBAL 294 «GG06 «C022 .
162239 229 «GHEC o031} «CCO0s «CD22
12919 0233 «CHBE e(C328 0004 QD22
1« 3599 (£33 UG 7¢ eLINE 0006 R P:
- - 14279 (228 0B6L e 0363 .CCCA W0G22
. ot le49%9 (220 B3z «038C «CLOG «C021
p N ] & 639 «2C8 793 NI o CCOg «C02C
S 166318 0192 G742 oCH 1N e CCOS eQ019
lebyw9y (172 (679 «C432 «0LCH «0017
le?7478 Q197 «0aly Y49 eCLCH 0015
Pek1358 cCH1E .Cceln LYY, eMCO03 0013
19038 COBY 0421 sCHEH Lyl2 «0011
149718 s LCH5 L30T o050 «CGUY «Co0n
ie398 «COCO .L187 oCHh1lE «rG0C «CC05
21025 . (CH4% «0062 0534 L,r00) 0002
Z2ol078  -.pCHy «L0B2 0535 «,c001 «C00!
RADIUS (INCHES) = 13,626 RADIUS (MrTER.) ® ¢346)
CHQRD (INCHES) = 2,108 CHORD (METERS) s +05235
ZCSsL (INCHES) s 1,1373 2CSsL (METERS) = +0289
YCsSL i INCHES) = <0406 YCSL (METERS) e 40010
B RLE (INCHES) = 2+ 0058 RLE (MFTERS) s «000140 ~
RTE (INCHES) = «005)3 RTE (METERS) = 000335
a X*AREA (S5Q¢ [Ne) = «0917 X*AREA(SQ.METFRS,s ¢000059
G’uMMA.CHORU(OEGQ)'

5574 GAMMA«CHORD(RADe)® 09763




~
4

TABLE XXIII (1)

AIRFOIL COORDINATES ON MANUFACT URING SURFACES — ROTOR 2

ZC

<00
LGREG
L6779
«1354
«2Nn36
W 2715
3394
7S
4792
543
b1 10
b8,
7467
AN I N
e BRZ2A
9504
1«0183
10862
Lo 1840
te2219
12898
143577
1,4206
1 e 4935
1 e5613
166292
1e097)
le7850
168329
14920Cn
\076!‘17
2etl364
241703

241044

[NCHES

YP

-8
-.bﬂ“b
~ 029
- (NUY
0t 2
LU
s U0OBEH
(03
sUlUuY
)13/
01686
L1922
s 230
02843
VRIS AY
oC’J)U
L3777
YRR
R X
s LNOY
0434y
20
s L9
N RA J
e(40]
4313
L3764
«0350
(273
0227
ERL!
e(Ji)Da
-e0735
=e¢{0042

RADIUS (INCHCS)

CHORD  (INCHES)
ZCsL (INCHES)
YCsL (INCHES)
RLE (INCHES)
RTE { INCHES)

X“AREA (SQe INe)
GAMMA=CHORD(DEGe )™ 57,81

Ys

C L YR
L0051
L0695
U135
.Cl8cC
227
U274
« 1323
U373
0424
876
+ L5530
«058%
LYY
Le99
L762
‘L,szq
923
LG54
.97
U7
s L9
« 1940
3901}
«CRY7Z
«L7A40
Lp?8
« 0600
e 486
LK
« 0208
«L0Nh7
s 4?7

14,216
2+104
leldlsg

«0804
« 00459
«00458
00694

e Y béb
«C481
«NS0C
00517
+N333
« 0835

RADIUS
CHORD
ZCSL
YCst

NDETERS

YP

- RERI
=.CL1)
“eC(0N
oCCCh
Ol
oCCO
«CC02
+CCC3
oCLCI
oCLOY
s 0CH
«CLOA
0007
sC00R
eCOL9
«QOCL 1IN
«CC I
012
eCC )
oL
oC1L2
0L
G 1IN
CLGw
QN7
e CLUA
URUR|
=e 0L
-.700C1

(METERS)
(METERS)
(METERS)
(METERS)

RLE (MFTERS)
RTE (METERS)
X~AREA(SQ.METERS ,®* ¢00004%
GAMMA=CHQRD(RAD« )= 1e0(%0

YS

RREH
2002
LR
«C0NY
eCUC
00/
+ 004
«GDQ7
oCO1I
oCOIL
s0C13
e Q015
«001ls
«001 8
0gte
002
0022
0023
«C02H
«0025
«C025
+CC24
+ G024
C023
0022
o C020
0Cld
«QQl!s
0012
+QQU9
«00f5
«00JI1
v 000}

¢35l
¢058135
«0287
«Q01i3
«Q0012¢4
a  «0001ly

13




TABLE XXIV(a)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES - STATOR 2

4308
]

o 5740
e bbGE
«7175
« 751
B
0931‘&
1 e CCAHS
1eC 763
[ AN
el lYye
le281%
1eded
le&25¢(
I N
1.%7R8¢
let="3
Je7 240
H R
lof‘bf—"ﬂ
1493713
VANVl Kol
celly
€825
deldclh
222143

TYert =
Y

-trehe
- 3
e Z20d
o FiTH
el N&:7
«1316¢
170
199
v 191
« 21377
05408
e ibl¢
sz7b0
WX
L2925
ec8ts
u“)!‘.tr
05268
st kb
e ELY
s 705
028721
.“‘Is"
«il23
eeNl ¢
1751
o b
el 1814
e0/bE
e 3RY
- (D¢t
-e L HY

RADIUS ({NCHES)
CHORD (INCHES)
2CsL LINCHES)
YCsL { INCHES)
RLE (INCHES)
RTE CINCHES)
A“AREA (SQs [Ne)
QAMMASCHORDI(DEGe)® 23,54

Yy«

o] G-
v O /t‘
s LAFS
L7106
N RN
v 1346
I LN
» 1939
222
499
2765
3015
3237
LWV
«3575
+ 3690
w3772
«eSE 36
« 3817
«ed7¢ 6
e 2ohg
«35¢&2
«30(7
«3214
WA R
«f717
«e240C%
AN
el 178
eUEEH
0%

9.29Q
2,224
le2187
02635
« 0050
«0048
«1328

7C

*cLrre
L0l
sCULIF
e3¢
(L 58
«fC73
CLYI
«CICY
eCl2r
«C1HE
164
0182
sC219
« 237
e258
«Ce72
292
efidlr
«032F
a0 348
o364
«C363
0401
-D"lq
s 0437
L4564
474
e 0492
«0S10
2529
0547
s (OAY
eCHAR

RADIUS

CHORD
ZICSsL
YCSL

FETFRS
YpP

- rgn)
".CCC[
«CCCeo
«7C13
OCQZC
CO27
G333
«LCIY
LYK
05
s 0BG
L0
o0&
e CCHR
Ol
«CLT7n
Cr7%
o075
+CC 7
(73
17
e (69
TSR -
L&}
LS8
LYY
.CC*““
0L 37
«CC25
NC2C
«Gl0
=000
=0NC0O}

{METERS:

(METERS)
(METERS)
(METERS)

RLE (MFTERS)
RTE (METERS)

Ys

sCali
C0N2
«0LI0
«C0i8
«C0Z6
« 0034
eGC42
G049
« 0056
0061
«C070
«0077
082
sCO87
+C091
0094
+CCT6
CC97
sCOQY7
0097
(96
L9
«CU9C
Jc087
Q082
' CGT76
+ 0067
0061
+ G052
0042
+00
0017
+0GC2

*2360
e 0565
e0310
+0064?7
+000127
a  +000122

X=AREA(SQeMETERS = +000Q8¢
GAMH‘-CHORD(RADO)M ed41deg




TABLE XX{V(b)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES - STATOR 2

2C

CitTg
Cinhp
PR A
S h4ly
« 2158
2077
ds
MR I

QL.‘::-S‘.)
D754
473
7192
e 791
e E 3
«Tsh
lef i oy
el 2K L
]a!')UF‘
Ve2722)
LalYit
L el uh
Teatlnd
iogl Pl
le5421)
Lol 342
le?726]
e/ S¥)
lelt /00
J a4t
e 132
2eviibR
cel 7
2e233

el b

TRCHE
Y

-OLLSW
-e 037
eii1%0
s U3y
se7 3
e LBYH
ellln
tlj(l
-151:)
e} 707
el H87
e NHA
vesCY
FEVIR IR
WA RN
P51
w2573
2602
e bl "
«e/r87,
-('_‘)"/‘
o HEC
e sl
ved |
2t
« 1958
ej 7061
IR Y Y
elob s
.L99E'.
oL}
cL'JS(.
-QbeC
-~e(CH3

RADIUS (nCHES)
CHORD (INCHMES)
Z2CSsL (INCHES)
YCSL (INCHES)
RLE (INCHES)
RTE (INCHES)

X"AREs (SQe [Ns)
GAMMA=CHORD(DEGs )™ 22,48

s

k7
(74
« G374
67
0977
el 264
a1 HYS
1816
2077
« 233
7579
e 2B R
3015
«31b8
«J3328
s 3435
s 3511
3508
354K 8
e 354y
e 2o ( 0
R
« 32304
e3lhe
o 2Y 7
s 276
e 2507
el L#
e lbEZ
150H
1078
LS9 R
LA
sulHS

9,700
2,230
l.1885
«2375
0081
« 0052
148

7

L VR,
200
o te
(0537
L0058
(73
0091
11cC
1 2R
T 1484
W) AeA
+ 0183
20}
A
e Ce 7
2B
2T
92
s 21y
s P29
AN
AN
e 0384
o032
s C42C
e N4 3R
«inth?
AN
s 0493
LY 2
«15NH
20 AS

e ChLsé

™

]

RADIUS
CHORD
2CSL
YCSL

CETERS
YP

-OCLUI
~e2CCH
oClse
il
L7
(023
+NC28
L34
«CC3Y
«CCH3
s CL4R
W C(52
« 56
+0C59
«CCE2
RUNCR
efL68
'CC‘56
L0664
W00 b b
PLeG
CCé2
L)
.F('Si'
oCLEN
«0LSAa
MUY
LAY
e CC I3
0028
0017
s LECH
-oyClt
-sCCLY

(MFTERS)

(METERS
(METERS)

(METERS)

RLE (MFTERS)
RTE (METERS)
X*AREA(SQeMETERS )= ¢00009s
GAMMA=CHORD(RADe )= ¢392)

Ys

*CuL1
«Qpu2
L Gguy
3017
0025
«0032
e0GIY
«CCHY6
eCi353
« 3059
MR-
eC071
eNQN77
W81
Q87
sCObi
«009C
09
oC’l"-)U
Lty
«CCLY
soctH4
.C('&’U
WCC76
«CC70
WC06Y
vL(’E’b
«CCHH
.0Cc38
0027
UGS
«CcoL2
0002

02464
e0564
¢0302
«0060
«000123¢
= 000132

115




TABLE XXIV(c)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES - STATOR 2

[verts PETERS

7¢ yp Y S

~
~

YP Ys

e LTTG e By [ (59 *TLTC -e(CCH «Coul
LTS2  «,yCan LW «TIT -Gl «Cn02
$C221 U7} U375 e ole «CCOH «QQ1lU
e ld4 s (39 v bk2 037 eCC1YT «C017?
2182 CLb&G ! 977 « 2358 0L 18 «CCZY
W2RE3 e GR1Z 126 «NC73 «CC21 «0G32
P Sb6LY 1LY 1533 «Tu%2 026 0039
«432% « 119 o179y o110 LL3AC e CUY6
T 1341 AL a2 2R «nG3g «0CH2
e3747 1555 2284 AT L3S «C05H
R 1723 512 a7 168 eCCHY «CO6H4
o207 vlHas 2732 C1R] AT WCD6Y
o« '9 27 ezl 25 2926 » 32071 CC5 7074
- ez 144 c3URS sC27C « QS8 «C078
9237 o224 3221 «221R e CLS7 «C0B2

fel 1’92 e2322 3322 o256 LSy s GCBHY

lelnll 2374 . 3394 e 28 - «Qubés
lal534 e 2K0>5 343 283 «CCé1 «np87
1a2é9n et 34 T3l WCL&Y b7

142975 e Z3Y, 3419 0330 LAY «C087

leldbrn v 2356 « 3267 e CIHR CL6C «0086

o441l e2255 e8¢ R eCL5A «C083

Feh134 e 227 2172 o 38C sCUSA «C081

1aDEDY «2C 17 «31:29 P 4C3 L83 «C377

Lol 1963 2B 421 N ok-Yx 072

lea?7307 «1BY 264 0439 00468 «COGY

fetbrrz: i 621 e 2395 e uSe UM Q06!

leB74, el412 «21113 AR LG8 «00354

leYuwa} ell76 01792 SRR «CC3C «C0O46

2.C14y e 911 1437 0313 «0C23 + 0036

sy eubly «1024 0521 WC1A 0024

fole2s «L256 «CH63 g «0CCrR «0014

/et W7 S O G +LUYS 0566 -eCCCH «Cuyfl2

2e43%8  a,(CYHY L&Y «"héRA -,0pC «CN3J2

RADIVUS (InCHES) = 10,!00 RADIUS (METERS) = «254%

CHORD (INCHES) s 2,235 CHORD (METERS) & 405648

ZCsL LINCHES) = 1,161, 2CsL (METERS) = 0295

YCsL (INCHES) L 02238 YCsL (METERS) s 40057

RLE (INCHES) = . 00864 RLE (MFTERS) s 000142

RTE (INCHES) = «005% RTE (METERS) s ¢000139 7
X“AREA (SQe [Ne) = 1617 X"AREA(SQeMETERS)=s 000104

GAMMA=CHORD(DEGa)® 2,44 GAMMA=CHORD(RACs )= 3742




TABLE XXIV(d)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES ~ STATOR 2

INCHES FETERS
¢ yP YS 2C YP YS
-eCLTY  aegChb v UDE +0L0D  =egCUy 0002
eCC5Y  wy(Cud «C08BS CCCL -.CrO) +ccl2
«0722 0156 0282 0o E «CCCH oCCLU
LR e L1361} 0e693 «C037 CCCY oCC1ls
0?2166 L HGY +LCYR9 e CLER sCClH «CC25
e L8663 o751 w1272 273 «CClY9 WCCIA2
e361C o (L93y 154 W92 o C24 «C039
e 4332 eill2 1796 G110 «2C28 0016
e 505y s | 2R2 20539 0128 «CC33 «C0%2
5777 s 1 4GE 2269 U147 oCC37 0058
e b9y elal2 s 2486 0145 «CCH| «Q063
7221 o ] 7HG 24694 (183 «0CHY «Q068
e 7943 P 1 EYC e 2875 «C202 s CCHR «C073
b LES e 2011 v 3039 220 «0051 o C077
92387 «2111 3167 238 eG54 Q0B 0
]+C1CS 1B 13265 0257 eCC54 «CCE3
1elie 2} ¥R 3332 «027¢ « 0057 «C08%
1e15523 0 227¢ 32371 e 02923 eCCEr «QOté
Lez275 e ZI6C «3377 0312 fLCHR sC0OHSG
2997 s 2267 + 33506 «033C «CC5H 0385
1.3719 e2231 ¢ 3303 «C348 $CC57 LR
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RADIVUS (InCHES) = 10,500 RADIJS (METERS) = 24679
CHORD (INCHES) = 2,238 CHORD (METERS) ®= 40569
2CsL (INCHES) & | ,15Qg ZCSL (METERS) = 40292
YCSL (INCHES) = e2156 YCsi (METERS) = «005Ss
RLE (INCHES) = + 0058 RLE (MfTERS) = +00C}48
RTE (INCHES) = . 0057 RTE (METERS) s +000145
X=AREA (SQs [Ns) = e 1749 X=AREA(SQeMETERS )= «0Q011)
GAMMA=CHORD(DEG. )= 20,613 GAMMA«CHQORD(RAD+ ) ® 0340
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TABLE XXIV(e)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES - STATOR 2
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1CsL (INCHES) = 1,141, ZCst (METERS) = 029G
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p RTE (INCHES) = «0060 RTE (METERS) = +0Q0152
A X“AREA (SQe INe) = <1877 X=AREA(SQeMETERS s ¢00012}
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TABLE XXIV(f)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES - STATOR 2
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YCSL (INCHES) = «2020 YCSL (METERS) = ,005)
RLE (INCHES) = «004y RLE (MFTERS) = +00016>
, RTE {INCHES) = 0063 RTE (METERS) s «00016 o
t X"AREA (SQs INe) =  ,2048  x~AREA(SQeMETERS)= 000132
GAMMA-CHORD(DEGo)' 18,94 GAMMA=CHORD(RAD) = +330%
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TABLE XXIV(g)

AIRFOIL COGRDINATES ON MANUFACTURING SURFACES — STATOR 2
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RADIUS ({NCHES)
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«0002
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e 20080
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s +000)69



TABLE XXIV(h)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES ~ STATOR 2
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l.1564 ZCstL (METERS) 00294

e 1946 YCSt (METERS) «Q0N49
«0070 RLE (MfTERS) +00017y
«0070 RTE (METERS) = +00017y
02389 X“AREA(SQeMETERS = +000154
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TABLE XXIV(i)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — STATOR 2
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TABLE XXIV(j)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — STATOR 2
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YCSL (INCHES) = e1970 YCsu (METERS) » L0050
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RTE (INCHES) = «0075 RTE (METERS) = 000190
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TABLE XXIV(k)

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — STATOR 2
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, RTE {INCHES) = «0078 RTE (METERS) = +000197
R X“AREA (SQe INe) ®  ,2995  y=pREA(SQeMETERS)® 000193
' GAMMA<CHORD(DEGe)® 13,5 GAMMA=CHORD(RADs )= 2359
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TABLE XXI1V ()

AIRFOIL COORDINATES ON MANUFACTURING SURFACES — STATOR 2
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CHQRD (INCHES) s 2,464 CHORD (METERS) = 00626
2CSy (INCHES) . l1e235¢y ZCSsL (METERS) = 402314 i
YCSsL (INCHES) = 02400 YCSL (METERS) & 4006} ,
RLE (INCHES) = +0082 RLE (MFTERS) = «000208 ]
RTE (INCHES) - «0072¢ RTE (METERS) . «000202 ~
P X*AREA (SQe [Ns) = 03299 X*AREA(SQsMETERS)® 000213
GAMMA=CHORD(DEGe)® 5,01 GAMMA=CHORD(RAD )= +2420
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APPENDIX F
SYMBOLS AMD DEFINITIONS
) 2 2
area - inches“ (meters<)
ratio of actual area to critical arca (where local Mach number is 1.0)

distance alcng chord from leading edge of airfoil to pcint of maximum
elevation of airfoil above chord line - inches (meters)

a point on the suction surface of a blade halfway between the leading cdge
and the point from which a Mach wave emanates that meets the leading
edge of the following blade

distance from center of gravity to most remote fiber - inches (meters)

chord (aerodynamic on flow surface ) - inches {meters)

diffusion factor, for rotor 1-V '2/V 'l +19Vp) - 11Vaq

(I'] + I'2) V'1 o

for stator 1- V3/V2 + r2V92 - T3 V63

(l'2 + I'3) VzO

displaceinent in the direction normal to the minimum moment of inertia
axis - inches (meters)

epse, the angle between rays drawn to a conical design surface, one ray (o
the leading edge of an airfoil section, the second to some other point on the
airfoil (see Figure 23) - degrees (radians)

enthalpy

moment of inertia about minor axis

inner diameter of casing - inches (meters)

incidence angle, inlet air angle minus blade metal angle - degrees (radians)

blockage factor el
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KOl » K11

linear spring constants - Ib/in (Nt/m)

M - Mach number

N - rotor speed (rpm)

OD - outer diameter of casing - inches (meters)

p - static pressure (psfa)

P - «otal or stagnation pressure (psfa)

R - distance from apex of design conical surface to point on blade - inches

(meters)

R, - steamline radius of curvature - inches (meters)

RLE - leading edge airfoil radius - inches (meters)

RTE - trailing edge airfoil radius - inches (meters)

r - radius measured from rig centerline - inches (meters)
r.0,z - cylindrical coordinate system, with z axis as rig centerline
) - blace spacing - inches (meters)

T - total temperature - °R (°K)

TOS=>TI11 - torsional spring constants - in-1b/degree (m-Nt/radian)

t - blade maximum thickness - inches (meters)

U - rotor speed - ft/sec (meters/sec)
\Y - air velocity - {t/sec (meters/sec)
w - weight flow - lbm/sec (kg/sec)
Z*-ratio - Oshroud cross-section/(I/ Oairfoil cross-section above shroud
z - axial distance - inches (meters)

absolute air angle (cot"] (Vin/Vg) - degrees (radians))
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€1

metal angle, on conical surface, between tangent to mean camber line
and meridional direction at leading and trailing edge - degrees (radians)

air turning angie - degrees (radians)

blade chord angle, angle between a chord line and axial direction (measured
in a plane parallel to z-axis) - degrees (radians): ratio of specific heats for
air

ratio of total pressure to standard p" >ssure of 2116 psfa

deviation angle, exit air angle minus tangent to blade mean camber line at
trailing edge - degrees (radians)

angle between tangent to streamline projected on meridional plane and
axial direction - degrees ( radians)

efficiency (percent)

ratio of total temperature to standard temperature of 518.7°R
mass density - lbm/ft3 (kg/meters3)

solidity, ratio of aerodynamic chord to gap between blades

blade camber angle, difference between blade angles at leading and trailing

edges on conical surface, 3’ *, — B8'*5 for rotors and 5*2 - 6*3 for stators -
degrees (radians)

blade camber angle on plane of “unwrapped ” conical surface ' 1-B%-
EtE for rotors and B*, - B*3 - ETE for stators - degrees (radians)

total amount of chord line twist displacement - degrees (radians)

total pressure loss coefficient, P 'I —_ - P'2

T
(rotors)
Pl -py
P2 - P3
P2 - P> (stators)




wy, - bending vibrational frequency (cycles/sec)

Wy - torsional vibrational frequency (rac ans/sec)
Subscripts

ad - adiabatic

E - refers to camber definitions which include epse angle E (See Figure 23)
f - front

Ef - refers to front camber definitions which include epse angle E (see Figure 23)
in - inlet

LE - leading edge

m - merndional (velocity): mean camber line (angle)
p - profile (loss); polytropic (efficiency)

Ss - suction surface

sh - shock

t - transition

TE - trailing edge

z - axial component

0 - tangential component

1 - station into roter

2 - station out of rotor or into stator

3 - station out of stator

Superscripts

- relative to rotor

- blade metal (angle); critical, at Mach number unity (area) 7
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